Endocrine-disrupting chemical (EDC) exposures during critical periods of gestation cause long-lasting behavioral effects, presumably by disturbing hormonal organization of the brain. Among such EDCs are polychlorinated biphenyls (PCBs), a class of industrial chemicals. PCB exposure in utero leads to alterations in mating behaviors and other sexually dimorphic social interactions in rats. Many of the previous studies on social behavior gave the experimental animal a single or binary choice. This study applied a more complex behavioral apparatus, an X-shaped Plexiglas apparatus (FourPlex), that enabled an experimental animal exposed to PCBs or a vehicle to distinguish and choose among 4 stimulus animals of the same or opposite sex, and of different hormonal status. We found that rats were able to differentiate among the stimuli in the FourPlex and showed the expected preference for an opposite sex, hormone-treated rat, particularly for behaviors conducted in proximity. Prenatal treatment caused subtle shifts in behavior toward stimulus rats in the FourPlex; more robust effects were seen for the sexual dimorphisms in behavior. Importantly, the results differ from our previous results of a simple binary choice model, showing that how an animal behaves in a more complex social paradigm does not predict the outcome in a simple choice model, and vice versa.
Sociality is a complex trait; it arises from the qualities within an individual and the social interactions between individuals. The spectrum of social systems is enormous, from animals that live in total isolation except to mate, and others that live in groups from dyads to thousands. To reduce this complexity in the laboratory setting, behavioral neuroscientists have most commonly taken the reductionist approach. For laboratory rodents, most tests comprise a two-choice paradigm, in which an animal is given a choice between an empty compartment and a stimulus animal, or between two animals that differ in some way (e.g., male vs. female, hormone-primed vs. unprimed, or females in different stages of receptivity). Exceptions have been the socioecological work pioneered by R. D. Lisk and M. McClintock in their laboratory studies of hamsters and rats in large enclosures (Huck, Lisk, & Gore, 1985; McClintock, 1987) . More recently, D. Kimchi and J. Curley independently developed methods of quantifying social interactions within groups of mice (So, Franks, Lim, & Curley, 2015; Weissbrod et al., 2013) . Other labs have adopted a multiple-choice system in social models of mate choice (Ferreira-Nuño, MoralesOtal, Paredes, & Velázquez-Moctezuma, 2005) . Results of these studies challenge the premise that results from a two-choice paradigm can be extrapolated to more complex interactions; yet, the two-choice paradigm continues to be the norm.
Using behavior as a biomarker, our overall goal was to characterize the effects of prenatal exposure to ecologically relevant levels of a class of endocrine-disrupting chemicals (EDCs), polychlorinated biphenyls (PCBs). Humans and wildlife continue to have detectable levels of PCBs in body tissues, despite the ban of these chemicals in developed countries in the 1970s (Gladen, Doucet, & Hansen, 2003) . PCBs are persistent, are in the food chain, and can be transported around the world by air and water currents, as well as by migratory species that feed in contaminated areas for part of the year (Crews & Gore, 2011) . Previous experimental work from our lab and others on rodents has shown that the brain is sensitive to environmental contamination, especially when exposure occurs during critical periods of development. One such life stage is that of brain organization, when gonadal steroid hormones exert influences on the developing nervous system in a sex-typical manner, setting the stage for subsequent pubertal hormones to activate these neural pathways. This enables the manifestation of sexually dimorphic behaviors involved in reproduction (McCarthy & Arnold, 2011) .
Exposures to PCBs during periods of organization and/or activation perturb adult reproductive physiology and behavior (Dickerson, Cunningham, & Gore, 2011; Steinberg, Walker, Juenger, Woller, & Gore, 2008; Walker, Goetz, & Gore, 2013) . Whereas other sexually dimorphic social behaviors have also been investigated for effects of developmental EDC exposures, this research has exclusively relied upon two-choice systems (Belloni et al., 2011; Crews et al., 2012; Gillette et al., 2014; Reilly et al., 2015; Venerosi, Ricceri, Tait, & Calamandrei, 2012; Wolstenholme et al., 2011) . However, mate and social choice in naturalistic settings are complex processes that involve, among other things, the complementarity of the chooser and the chosen, with the mutual evaluation of qualities related to a mate's fitness (Carson, 2003; Crews, 2010) . In the mate choice literature, the terms appetitive and consummatory are used to describe exploratory/ proceptive behaviors before mating, and the act of coitus itself, respectively. These concepts can be extrapolated to more complex social settings where conspecifics are first evaluated (i.e., prosocial behaviors) and subsequently decide to engage in or avoid interactions. Here, we sought to develop and validate a unique four-choice paradigm, referred to as the FourPlex, that retains the basic choice aspect but allows for a greater variety of social stimuli to better model the types of interactions encountered in nature. The stimulus rats were opposite-and same-sex conspecifics of differing hormonal status, and results showed that when this complexity was added, these clear choices of individuals were different from those observed in the dyadic situation.
Materials and Method

Animals and Husbandry
Sprague-Dawley rats were purchased from Harlan (Indianapolis, IN) , and all animal procedures were conducted in compliance with a protocol (AUP-2013-00054) approved by the Institutional Animal Care and Use Committee at the University of Texas at Austin, following the guidelines from the National Institutes of Health (NIH). All animals were housed in a colony room with controlled temperature (22°C) and light cycle (12:12 dark:light, lights on at 2400). Rats were fed a low-phytoestrogen diet (Harlan, Cat. # 2019) available ad libitum. Virgin females were mated with sexually experienced males. The day following successful mating, as indicated by a sperm-positive vaginal smear, was termed embryonic Day 1 (E1).
Gestational Exposure Paradigm
Following confirmed pregnancy, dams were exposed to one of four treatments, administered via intraperitoneal injections, on E16 and E18, the beginning of the period of brain sexual differentiation (Davis, Popper, & Gorski, 1996; Jacobson, Shryne, Shapiro, & Gorski, 1980) . The experimental treatment groups were as follows: (a) vehicle (negative control-3% dimethylsulfoxide in sesame oil); (b) estradiol benzoate (EB; 50 g/kg-positive control for the estrogenic effects of PCBs); (c) the PCB mixture, Aroclor 1221 (AccuStandard, New Haven, CT; A1221, 0.5 mg/kg); or (d) A1221
(1 mg/kg). We henceforward refer to these groups as vehicle, EB, A1221 (0.5), and A1221 (1.0), respectively, as summarized in Table 1 . Selected treatments and dosages were based on previous work conducted in the Gore lab that showed physiological, behavioral, and neuroendocrine effects that were manifested in a sexand developmental age-specific manner; however, these dosages caused no overt toxicity or pregnancy complications (Dickerson et al., 2011; Gillette et al., 2014; Reilly et al., 2015; Steinberg, Juenger, & Gore, 2007; Steinberg et al., 2008; Topper, Walker, & Gore, 2015; Walker et al., 2013) . The number of litters per treatment was 9, 10, 10, and 10, respectively. Although we did not measure body burden or tissue content in the exposed offspring, the literature suggests that maternal-fetal transfer results in a body burden of approximately 1-2 g/kg A1221 and 100 ng/kg EB in the fetuses (Takagi, Aburada, Hashimoto, & Kitaura, 1986) . This falls in the approximate range of human exposures (Dekoning & Karmaus, 2000; Lin, Pessah, & Puschner, 2013) .
The day of parturition was postnatal Day 0 (P0). The day after birth, P1, the pups were weighed and their anogenital distance measured; litters were culled to four males and four females. The pups were monitored daily for age at eye opening, and body weight and anogenital distance were measured and recorded weekly from birth to weaning, which occurred at P21. Once rehoused in samesex groups, rats were monitored daily for signs of pubertal development: vaginal opening in females and preputial separation in males (Steinberg et al., 2007; Walker, Kirson, Perez, & Gore, 2012) . In females, beginning on the day of vaginal opening, daily vaginal smears were taken and cell cytology was examined as a measure of estrous cyclicity in the females. Weekly body weights continued to be recorded for all animals throughout their lifetimes. There were no effects of prenatal treatment on litter size or sex ratio, age at puberty, or estrous cyclicity (data not shown), as previously published (Gillette et al., 2017; Reilly et al., 2015) .
Stimulus Rats
Ten male and 10 female stimulus rats (Sprague-Dawley) were purchased as young adults from Harlan and gonadectomized under isoflurane anesthesia. After ovariectomy (OVX), females were implanted subcutaneously, in the nape of the neck, with a Silastic Note. Pregnant rats were injected intraperitoneally in late gestation (embryonic days 16 and 18) with the above treatments. Prenatally exposed rats were the experimental subjects, tested in the FourPlex. Experimental groups are referred to by the group names. DMSO ϭ dimethylsulfoxide; EB ϭ estradiol benzoate; PCB ϭ polychlorinated biphenyl. This document is copyrighted by the American Psychological Association or one of its allied publishers.
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capsule (1.98 mm internal diameter ϫ 3.18 mm outer diameter ϫ 5 mm length; Dow Corning Corporation, Midland, MI). Five females received capsules packed with 5% crystalline 17␤-estradiol (Cat. #: E8875; Sigma-Aldrich, St. Louis, MO) with 95% cholesterol, and five females received a 100% cholesterol capsule (Wu et al., 2010) . Five males received capsules containing 100% testosterone (Cat. #: T1500; Sigma-Aldrich), and five received cholesterol capsules (Wu et al., 2010) . This resulted in four categories of stimulus rats (n ϭ 5 per category), as described later. Stimulus animals were untreated with EDCs or their controls.
Behavioral Testing Paradigm
Behavioral testing. Beginning when experimental (EDC or vehicle-treated) rats were aged P56, one male and one female from each litter were used for testing. The total number of behaviorally characterized animals was 39 females and 39 males. Females were only used on diestrus to remove the possible confound of estrous cycle status on behavioral outcomes. Testing was conducted under dim red light during the dark period of their light-dark cycle, beginning approximately 2 hr after lights out. Between animals, the behavioral apparatus was thoroughly cleaned with a 70% ethanol solution.
Apparatus. The FourPlex apparatus was designed to reveal the ability of the experimental animal to discriminate between, and preferentially associate with, four possible stimulus partners (Figure 1) . Four opaque Plexiglas inserts were constructed and placed inside of a 100 cm ϫ 100-cm apparatus (Stoelting Co., Wood Dale, IL), resulting in an X-shaped testing arena. Each of the four arms held a stimulus cage in the far corner of the apparatus. For the purposes of analyses, each arm was further divided into two distinct regions: a zone one body length from the stimulus cage and the residual length of the arm, more remote from the cage.
Each test used one stimulus rat from each of four categories: a castrated, testosterone-treated male; a castrated male without hormone treatment; an OVX, estradiol-treated female; and an OVX female without hormone treatment. We refer to the stimulus rats relative to the experimental animal as opposite sex (OS) or same sex (SS), with (ϩ) or without (Ϫ) hormone. Thus, the four stimulus options were OSϩ, OSϪ, SSϩ, and SSϪ. On the day of testing, stimulus rats were placed, in random order, into one of the four holding cages in the corners. Then, the experimental animal was placed in the middle of the apparatus, marking the beginning of the 10-min trial. Between tests, in addition to rearranging the stimulus animals' placement, we periodically replaced stimulus rats to minimize possible consequences of stimulus rat fatigue due to prolonged housing in the holding cages.
Behavioral Analysis
Animal tracking and behavior scoring. ANY-maze (Stoelting Co., Wood Dale, IL) was used to simultaneously video-record and track behaviors during the test. All scoring was done blind to the stimulus or experimental rats' status, and codes were broken only after scoring was complete. We used the software to analyze measures of duration or frequency relative to the animal's position within the apparatus, namely, the time spent in each whole arm ("Time in Whole Arm"), time spent in proximity to the stimulus rats' cage ("Time Near Stimulus Cage" ϭ within one body length), and "Time in Remote Arm," calculated by subtracting the Time Near Stimulus Cage from the Time in Whole Arm. The number of times each animal entered (80% of body volume) an arm was automatically determined by the software. Then, the video recordings of the tests were manually scored for the following additional behaviors: "Number of Stimulus Explore Events" was the number of times an animal spent investigating the stimulus chamber by sniffing and exploring. The number of times the animals engaged in nose-to-nose contact, or "Number of Nose Touch Events," was also scored. These investigator-scored behaviors, chosen as the most salient aspect of social investigation, have been used before in a previous study on sociality (Reilly et al., 2015) . The relative contribution each stimulus had on the cumulative expression of each behavior can be assessed qualitatively by graphing the means of each measure as a percentage of the whole (Figure 2) . . Four opaque Plexiglas inserts were fabricated to fit inside of a square apparatus (100 cm ϫ 100 cm), resulting in an X-shaped testing arena. As seen in (B), each of the four arms emanated from a common central area (outer circle labeled "3") that projected via four arms to a holding cage in each corner. For the purposes of behavioral analyses, each arm was further divided into two distinct regions: a zone one body length from the walls of the stimulus cage (1; the "near" region), and the remaining length of the arm (2; the "remote" region). At the onset of the test, the experimental rat (indicated by #) was placed into the innermost center circle, labeled "4." See the online article for the color version of this figure.
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During initial analysis, we established that the vast majority of the experimental animals had visited every stimulus option by the end of the first 2 min. When this happened, rats were able to make an "Informed Choice" about all of their stimulus options. An example of a rat visiting each of the four stimulus animals is shown in the video in the online supplemental materials. Therefore, our assessment and presentation of social behavior in this study comprises the behavior of the animals during the latter 8-min period during which the experimental animals' behavior reflects this informed choice. Any animals that did not visit all four stimulus options during the 2-min habituation period were removed from all subsequent analyses. This resulted in two rats being excluded: one vehicle female and one vehicle male.
Statistical Analysis
Outliers. A generalized extreme studentized deviate test was used to detect outliers, limited to a maximum of two per group per endpoint. Any individuals repeatedly detected as outliers across multiple endpoints were removed from analyses; this was the case for two vehicle animals (one per sex) and one EB female. Initial statistical analyses were used to identify any potential cohort or litter effects within groups; none was found.
Statistical tests. Because of the sexual dimorphism in social and sociosexual behavior, analyses were done separately for each sex. First, each data set was inspected for homogeneity of variance and normality to determine if it met criteria for parametric analysis by analysis of variance. Those endpoints that met criteria were analyzed this way using R (Version 3.3.2), and effect sizes were calculated using the lsr package, and reported as partial etasquared ( p 2 ) values in the tables. When data did not satisfy the assumptions for parametric statistics, the nonparametric KruskalWallis test was run using JMP (Version 12; Stoelting Co., Wood Dale, IL), with effect sizes reported as epsilon-squared (ε 2 ) values. Tukey's honest significant difference and Steel-Dwass all-pairs tests were used as post hoc tests for the analysis of variance and Kruskal-Wallis test, respectively. To determine whether there were sex differences within treatment groups, a Student's t test was used, and effect sizes were determined using Cohen's d values with the online effect size calculator (http://www.uccs.edu/~lbecker/). In the tables, those effects that were significant at p Ͻ .05 and/or had large effect sizes are indicated with bold text.
Multivariate analyses. Principal component analysis (PCA) was used to analyze the entire behavioral ethogram within each sex Figure 2 . The contribution each stimulus choice had on the behavioral output is shown for the six variables measured. Data are shown separately for each of the four treatment groups in females and males. Bars are always set at 100%, and the percentage of time each behavior is displayed toward each of the stimulus categories is shown. This enables visualization that most behaviors are predominantly exhibited toward the opposite-sex hormone-treated rat, which is the most socially salient, and validates that the FourPlex enables animals to make this distinction. OSϪ: opposite-sex castrated rat (no hormone); OSϩ: opposite-sex castrated rat given hormone (estradiol in females, testosterone in males); SSϪ: same-sex castrated rat, no hormone; SSϩ: same-sex castrated rat, given hormone. This document is copyrighted by the American Psychological Association or one of its allied publishers.
This article is intended solely for the personal use of the individual user and is not to be disseminated broadly. Scarpino, Gillette, & Crews, 2014) . The full list of behaviors in the ethogram is shown in Figure S1 (in the online supplemental materials). Rotation was applied such that the axis would capture the maximal amount of variance. Three principal components were identified as contributing to the majority of the variance (53%) in both sexes ( Figure S1 in the online supplemental materials). Then, linear discriminate analysis was used to conduct systematic pairwise comparisons of each component for all animals, as well as within each sex, to establish how the principal components clustered (Table S1 in the online supplemental materials). Finally, functional landscape analysis was conducted for sex differences on two behavioral outcomes, one representing an appetitive behavior, the other a consummatory behavior. This allows visual graphic representation and quantitative analysis of phenotypic traits first as absolute measures toward the four stimuli, as well as sex differences for each treatment group (Scarpino et al., 2014) .
Results
Overview of Behaviors in the FourPlex Test
For each sex, data were initially analyzed for effects of treatment on total time and numbers of events during the 8-min "informed choice" part of the test, irrespective of which stimulus rat to which they were directed (Table 2 ). There were no significant effects of treatment in females or males. We also determined sex differences. The number of nose touch events in the EB and A1221 (0.5) groups was significantly sexually dimorphic (male Ͼ female) and had large Cohen's d effect sizes. The time near the stimulus cage had a large effect size for the sex difference in vehicle rats (female Ͼ male), although it was not statistically significantly different.
Social Investigation of Stimulus Animals
Each of the behaviors was subsequently analyzed for effects of treatment and sex, with the four stimulus rats as variables. The following analyses were conducted on the 8-min "informed choice" period.
Time in Whole Arm
Regardless of sex or treatment, experimental rats spent the most time in the arm leading up to the OSϩ stimulus animal (Table 3 ; Figure 2A ). However, there were no main effects of treatment. There was one significant sex difference found for the EB groups toward the OSϩ stimulus rat (male Ͼ female), with a large Cohen's d effect size.
Time in Remote Arm
Rats spent the most time in the OSϩ stimulus animals' arm (Table 4 ; Figure 2B ). In females, there was a main effect of treatment within the SSϪ arm, with post hoc analysis indicating that the EB, A1221 (0.5), and A1221 (1.0) females spent significantly more time there than did the vehicle females. Regarding sex differences, a significant difference was observed in the EB group toward the OSϩ stimulus animal (male Ͼ female), with a large effect size. The other significant sex difference was seen in the vehicle group toward the SSϪ stimulus animal (male Ͼ female), again with a large effect size.
Time Near Stimulus Cage
There were no significant treatment effects for this measure, although there was a trend toward significance in both the males (p ϭ .06) and the females (p ϭ .10) for the OSϪ arm (Table 5 ; Figure 2C ). Regarding sex differences, for the OSϪ arm, there was a large effect size (female Ͼ male), although this did not attain significance. Two significant sex differences were seen for the SSϩ arm for vehicle and A1221 (1.0) groups, associated with a medium and a large Cohen's d effect size, respectively (female Ͼ male for both).
Number of Arm Entries
All treatment groups entered the arm containing the OSϩ stimulus animal most often (Table 6; Figure 2D ). A main effect of treatment was seen in females for the SSϪ arm, driven by a significantly higher number of arm entries for the A1221 (1.0) females compared with females in the vehicle group. There were no main effects of treatment in males. There was one instance of a significant sex difference for EB rats with respect to the SSϪ stimulus (female Ͼ male); this difference was associated with a large effect size.
Number of Stimulus Explore Events
For all treatments and both sexes, the number of times the experimental animal explored the stimulus cage was highest toward the OSϩ animal (Table 7 ; Figure 2E ). No effects of treatment were seen in females. A main effect of treatment was observed in the males toward the OSϪ stimulus rats, with post hoc analysis showing A1221 (0.5) Ͼ vehicle and EB. Several main effects of sex were observed. Compared with EB females, EB males explored the OSϩ stimulus significantly more; this difference was associated with a large effect size. With respect to the SSϪ stimulus, a main effect of sex was found for the EB (female Ͼ male) and A1221 (0.5; male Ͼ female). The Cohen's d effect sizes associated with these differences were both large.
Number of Nose Touch Events
The OSϩ stimulus animals again elicited the greatest number of nose touches, and there were no main effects of treatment in either sex (Table 8 ; Figure 2F ). There were several sex differences, all male Ͼ female, as indicated by p values and/or large effect sizes. Specifically, sex differences were found for the OSϪ stimulus, A1221 (0.5); for the OSϩ stimulus (EB); and for both the SSϪ and the SSϩ stimuli, A1221 (0.5).
Multivariate Analyses of Behavior
Principal component analysis and linear discriminate analysis. In females, PCA determined that 53% of the variance could be accounted for within the first three principal components ( Figure S1A in the online supplemental materials). Linear discriminate analysis (Table S1 in the online supplemental materials) revealed This document is copyrighted by the American Psychological Association or one of its allied publishers.
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Note.
The mean number of stimulus explore events is shown with significant (p Ͻ .05) and/or large effect sizes indicated. See Table 2 for explanations of statistics and data presentation. KW ϭ Kruskal-Wallis; ANOVA ϭ analysis of variance; EB ϭ estradiol benzoate; A1221
ϭ Aroclor 1221; OSϪ ϭ opposite-sex castrated rat (no hormone); OSϩ ϭ opposite-sex castrated rat given hormone (estradiol in females, testosterone in males); SSϪ ϭ same-sex castrated rat, no hormone; SSϩ ϭ same-sex castrated rat, given hormone. .48
Ϫ0.33
Small
Note.
The mean number of nose touch events is shown with significant (p Ͻ .05) and/or large effect sizes indicated. See Table 2 for explanations of statistics and data presentation. KW ϭ Kruskal-Wallis; ANOVA ϭ analysis of variance; EB ϭ estradiol benzoate; A1221
ϭ Aroclor 1221; OSϪ ϭ opposite-sex castrated rat (no hormone); OSϩ ϭ opposite-sex castrated rat given hormone (estradiol in females, testosterone in males); SSϪ ϭ same-sex castrated rat, no hormone; SSϩ ϭ same-sex castrated rat, given hormone.
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that the EB and vehicle data sets differed from each other significantly within females. In males, again, PCA determined that 53% of the variance could be accounted for within the first three principal components ( Figure S1B in the online supplemental materials). There were no effects of treatment found on the data sets within the males. When the sexes were considered together, female EB and male EB rats also differed (Table S1 in the online supplemental materials). Functional landscape analysis of behaviors for sex differences. Two variables, Time in Whole Arm and Number of Nose Touch Events, were further analyzed by landscape analysis, chosen because the first represents an initial exploratory act in evaluating a conspecific (similar to appetitive behaviors in mating), and the second represents the most active engagement allowed for animals (closest to the consummatory act). For Time in Whole Arm (Figure 3) , there was a significant effect of sex for the EB group, with the female and male landscape profiles differing significantly (p Ͻ .002). The other three treatment groups did not differ by sex. For the Number of Nose Touch Events, similar analysis revealed that the A1221 (0.5) group was the only one with a significant sex difference (p Ͻ .05; Figure 4 ).
Discussion
The concept that the EDCs are one of a number of potent environmental stressors has been gaining traction (Grandjean et al., 2015; Padmanabhan, Cardoso, & Puttabyatappa, 2016) . The effects of these chemicals must be put in the broader context of the anthropogenic, natural, and social environments. Our focus on how prenatal PCB exposures change the trajectory of development adds to knowledge about a subset of these types of interactions, with an emphasis on evaluating outcomes in a more socially relevant system. This study adds to the small but growing body of literature showing social behavior can be altered through developmental exposure to these PCBs (Bell, Thompson, Rodriguez, & Gore, 2016; Jolous-Jamshidi, Cromwell, McFarland, & Meserve, 2010) .
Effects of Prenatal PCBs on Biological and Social Outcomes in the FourPlex
In nature, individuals differ by sex, reproductive status, age, and dominance hierarchy, among other traits. Rats are social animals living in communal settings with conspecifics of both sexes, a range of ages, health, and experiences. By expanding from the traditional two-choice to a four-choice test, we can systematically investigate the influence of more than one biologically relevant factor on an experimental animal's social decision-making. In our apparatus, the experimental animal engages in motivated behavior, presumably driven by a desire to increase or decrease the distance between themselves and a stimulus animal. The choice to spend time near one stimulus is also inversely related to time away from other stimulus animals. Observing these behaviors within the context of endocrine disruption due to PCBs enables us to better understand how low-dose exposure to these compounds can lead to functional behavioral changes in adulthood.
In our study, there were no significant morphological differences observed throughout the development of these animals, consistent with previous work on similarly treated animals (Gillette et al., 2017; Reilly et al., 2015) . Thus, any alterations in behavior of these animals are likely not due to changes in the animal's health. In general, our results further show that irrespective of prenatal treatment, the experimental rats spent more time in parts of the apparatus in association with the OSϩ stimulus animal. This result is consistent with the literature in two-choice models of a choice between same-sex conspecifics of differing hormonal status: Males prefer estrous (or estrogen-treated) females over nonestrous (or OVX) females, and females prefer males with testosterone over castrated males (Xiao, Kondo, & Sakuma, 2004) . Similarly, when presented with an opposite sex binary choice, males prefer females, and females prefer males (Bakker, 2003; Carson, 2003; Henley, Nunez, & Clemens, 2011) . Thus, the FourPlex is a sensitive tool for differentiating among multiple stimuli in a manner consistent with simpler systems.
Although the patterns of behavior in the FourPlex were largely preserved across prenatal treatment groups, there were several small but significant effects of prenatal treatment when considered in relationship to specific stimulus rats. These are best viewed in Table 9 , which summarizes significant differences and/or large effect sizes for treatment effects. In females, the only overall treatment effects were in the SSϪ arm (i.e., toward OVX females): time spent in the remote part of the arm, and number of arm entries, was greater in EDC-exposed, especially A1221 (1.0), than in vehicle females. We interpret this to mean that there is increased likelihood of the EDC females to affiliate with what is normally the least-salient stimulus. For males, the only significant treatment effect was toward the OSϪ animal (OVX female), limited to the number of stimulus explore events. In this case, A1221 (0.5) males had increased exploration compared with vehicle and EB rats. Although not significant, there was a trend (p ϭ .06) for these animals to spend more time near the OSϪ rat's cage, and in the whole arm of that rat. It is noteworthy that the perception of and/or interaction with the OVX female stimulus rat was the only one affected by treatment in both sexes. Finally, for experimental males in relationship to the OSϩ rats (OVX female plus estradiol), there were trends for total time, and time near the stimulus rat's cage, to be greater in EB than vehicle males. Thus, although wholesale behavioral changes were not caused by prenatal treatments, there are subtle shifts in interactions revealed in the FourPlex. Although we do not know the mechanisms for these EDC effects, the finding that A1221 and EB have differential outcomes suggests that the former compound is acting by a nonestrogenic pathway. Furthermore, we point out that the prenatal EB treatment did not masculinize feminine behaviors, nor feminize masculine behavior. This is not unexpected, given the low dose of EB and the short duration of treatment; in fact, our previous studies (Dickerson et al., 2011; Steinberg et al., 2008; Walker et al., 2013; Gillette et al., 2017; Reilly et al., 2015) are consistent with the current finding of small EB effects on brain and behavior in this model.
Prenatal EDCs Exacerbate Sex Differences in Behaviors
The sexual dimorphism in behaviors in the FourPlex, or lack thereof, was influenced by prenatal EDC exposures (Table 9) . When considering the OSϩ rats-the most socially salient stimulus that was preferred by both sexes-prenatal EB treatment introduced a novel sexual dimorphism, with males spending more time in the whole arm and time in the remote arm and engaging in more stimulus explore and nose touch events. Sex differences and This document is copyrighted by the American Psychological Association or one of its allied publishers.
similarities in behaviors toward the SSϪ animal were the secondmost commonly observed. For the number of stimulus explore and nose touch events, A1221 (0.5) treatment resulted in males having greater numbers of these events than females. In addition, numbers of stimulus explore events and arm entries toward the SSϪ rat were greater in EB females than males. The time spent in the remote portion of the SSϪ arm was only sexually dimorphic in the vehicle group. As for the SSϩ group, a sex difference in time near the stimulus cage was found for vehicle and A1221 (1.0) rats (female Ͼ male) but not for the EB or A1221 (0.5) groups. It is notable that most of these effects are in relationship to the OSϩ and SSϪ groups, as these differ most in sociosexual valence. This underscores that the sensitivity of the FourPlex to discriminate the hierarchy of preference in rats is greatest for a hormonally treated (or potentially gonadally intact) opposite-sex rat and lowest for a same-sex hormonally deficient rat. , and the sex difference (right) as functional landscapes. For each sex, the height of each peak shows the absolute amount of time spent in the arm (seconds). For the sex difference, the y-axis shows the time differential, with an upward peak indicating F Ͼ M, and a downward valley indicating M Ͼ F. The only landscape profile that differed significantly between the sexes was the EB group. The positions of the four stimulus choices in each landscape are indicated by the inset. EB ϭ estradiol benzoate; A1221 ϭ Aroclor 1221; OSϪ: opposite-sex castrated rat (no hormone); OSϩ: opposite-sex castrated rat given hormone (estradiol in females, testosterone in males); SSϪ: same-sex castrated rat, no hormone; SSϩ: same-sex castrated rat, given hormone. This document is copyrighted by the American Psychological Association or one of its allied publishers.
FourPlex Results Do Not Mirror the Binary Choice Paradigm
It is informative to consider the results for the vehicle group vis-à-vis validation of the FourPlex in control animals. For both sexes, the numbers of arm entries, time spent, and interactions with (especially nose touches) stimulus rats were highest toward the opposite-sex, hormone-treated rat. This result, although not surprising, shows that the layout of the apparatus is adequate for a rat to discriminate, and for an investigator to discern that discrimination in a 10-min trial.
It is also informative to contrast the current results to those of our previous binary choice study, in which rats received identical treatments to those used here, but were tested differently in adulthood (Reilly et al., 2015) . There, rats were given the opportunity to distinguish between two same-sex gonadectomized rats (no hormone), one familiar and one unfamiliar. Under those conditions, whereas all experimental rats showed the expected preference for a novel over a familiar rat, the differential was much greater in males than females, with the exception of the male A1221 (0.5) group. These animals were more similar in their behaviors to the females, showing a loss of Figure 4 . Number of Nose Touch Events (consummatory behavior) is shown for females (left), males (center), and the sex difference (right). Labels and analysis are the same as in Figure 3 . A sex difference was found only for the A1221 (0.5) group. EB ϭ estradiol benzoate; A1221 ϭ Aroclor 1221; OSϪ: opposite-sex castrated rat (no hormone); OSϩ: opposite-sex castrated rat given hormone (estradiol in females, testosterone in males); SSϪ: same-sex castrated rat, no hormone; SSϩ: same-sex castrated rat, given hormone. This document is copyrighted by the American Psychological Association or one of its allied publishers.
the sexual dimorphism. By contrast, sex differences in the FourPlex arena were more likely to have an exaggerated dimorphism with treatment. Moreover, the magnitudes of changes in the FourPlex were, in general, smaller than in the two-choice test, suggesting a tempering of the outcomes in a more complex social setting.
Ethological Implications
It has been a long-lasting endeavor to balance ethological significance and experimental feasibility when studying behavior in laboratory animals. In practice, controlling the environment in dyadic choice models is favored over settings more representative of an animal's natural habitat due to the greater ease in simplifying behaviors in the former over the latter. However, advancements in technology have greatly aided efforts in creating environments capable of providing animals with a more naturalistic setting. In particular, systems that allow for the automatic tracking of individual animals within a multianimal, free-roaming environment have provided unique insights into the social hierarchy organization in a mouse model (So et al., 2015; Weissbrod et al., 2013) . Automatic scoring of behaviors within such paradigms provides means of discovering novel and objective metrics of social behavior. Hong et al. used a simultaneous video and depth camera setup in combination with computerized vision and supervised machine learning methods to gain unprecedented resolution (30 frames/ second) of social interaction behavior between two strains of mice. This allowed the detection of extremely subtle differences in bout-length investigation previously undetectable through more standard methods (Hong et al., 2015) .
It is notable that work in other fields have, on occasion, used four-plus choice paradigms. For example, a study on the effects of amphetamines on rat social behavior revealed that both treated and control rats would augment their aggregative tendency in proportion to the number of stimulus rats within the behavioral apparatus (Heimstra & McDonald, 1962) . Studies on mate preference in rats have provided a female rat with four males and revealed differences in the dynamics of sexual selection when compared with binary choice models (Ferreira-Nuño et al., 2005) . The field of cognitive neuroscience has many examples of learning-based tasks in radial arm mazes with multiple choices (Witty, Foster, SempleRowland, & Daniel, 2012) , although in most cases, the stimuli are objects or food rather than conspecifics. Nevertheless, the importance of mimicking the more realistic situation of multiple rather than binary possibilities underscores the potential application of the FourPlex to studies on endocrine disruption and other environmental perturbations. Results of all measures in the FourPlex are shown for significant (p Ͻ .05) and/or large effect sizes. EB ϭ estradiol benzoate; A1221 ϭ Aroclor 1221; OSϪ ϭ opposite-sex castrated rat (no hormone); OSϩ ϭ opposite-sex castrated rat given hormone (estradiol in females, testosterone in males); SSϪ ϭ same-sex castrated rat, no hormone; SSϩ ϭ same-sex castrated rat, given hormone.
